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Hepatitis C virus (HCV) causes persistent infection in approximately 70 to 80% of people infected and is responsible for liver injuries that can lead to cirrhosis and hepatocellular carcinoma (2, 34) . While current therapeutic strategies against HCV infection rely mainly on either naked or pegylated alpha interferon (IFN-␣) alone or in combination with ribavirin (RBV) (19, 28, 34, 37, 43) , considerable efforts are being made to develop new molecules which show better efficacy, particularly for refractory patients, who represent on average 50% of patients treated (19, 28, 34, 42, 43) . Depending on the HCV genotype, the percentage of refractory patient varies from 80% (genotype 1b) to 20% (genotype 3).
Molecules targeting viral activities, such as protease-or polymerase-specific inhibitors, are traditionally the most attractive candidates for drug development, though this strategy faces resistance problems, especially when dealing with fastmutating viruses like HCV and human immunodeficiency virus. The problem of drug-resistant viral escape mutants has also been observed for hepatitis B virus (13, 18, 35, 36) . Alternatively, a host cell target could be chosen which would have to be more important for the survival of the virus than for that of the host. Such a target would arguably be more difficult for the virus to mutate around.
The feasibility of such an approach has recently been investigated with deoxynojirimycin (DNJ)-based iminosugar derivatives as antiviral agents (6, 7, 17, 29, 30, 45) . These glucose analogues competitively bind to the host cell-encoded endoplasmic reticulum (ER) ␣-glucosidases I and II and prevent them from performing the stepwise removal of three glucose residues attached to the N-linked glycans carried by newly synthesized polypeptides. This in turn prevents the polypeptides from interacting with the ER chaperones calnexin and calreticulin, which bind to monoglucosylated glycoproteins (22) (23) (24) (25) . Interaction with these ER chaperones is crucial for the correct folding of many viral glycoproteins (22) (23) (24) (25) . Potentially all viruses which encode glycoproteins that depend on calnexin interaction for proper folding could be targeted with ER ␣-glucosidase inhibitors (11, 17, 44, 45) .
The antiviral mechanism of action of N-butyl-DNJ (NB-DNJ) and N-nonyl-DNJ (NN-DNJ), two alkylated derivatives of DNJ, was studied in more detail with bovine viral diarrhea virus (BVDV) as a surrogate model for HCV. The antiviral effect of these compounds was shown to be either fully (for the short-alkyl-chain derivative NB-DNJ) or partially (for the longalkyl-chain derivative NN-DNJ) associated with their inhibition of the ER ␣-glucosidases I and II (8, 16) . The two HCV envelope glycoproteins E1 and E2 also contain 5 or 6 and 11 N-glycosylation sites, respectively (14) . Moreover, it has been shown that they interact with calnexin during their heterodimerization process, which is believed to lead to the productive virus formation pathway (10, 12, 15) . It is therefore anticipated that inhibitors of ER ␣-glucosidases will disrupt the first step of HCV virion assembly and lead to inhibition of secretion, as has been shown for BVDV.
When a patient presents with viral hepatitis C, the chronic infection is usually already established before antiviral therapy starts. A persistently infected cell line therefore more closely resembles the in vivo situation. In the absence of a transient or persistent in vitro HCV infectivity model, the aim of our study was to analyze and compare the antiviral effect of two Food and Drug Administration (FDA)-approved anti-HCV drugs, IFN-␣ and ribavirin, with that of potential new anti-HCV molecules (long-alkyl-chain iminosugar derivatives) in the context of a persistent infection. To this end, we used a noncytopathic (ncp) strain of BVDV able to persistently infect cells in vitro.
MATERIALS AND METHODS
Viruses, cells, and inhibitors. The ncp BVDV strain Pe515 (33) and the cytopathic (cp) BVDV strain NADL (National Animal Disease Laboratory) were used in this study. Madin-Darby bovine kidney (MDBK) cells were maintained in RPMI 1640 medium (Gibco-BRL) supplemented either with 10% fetal calf serum (FCS) (PAA Laboratories) which had been screened and found negative for the presence of BVDV and BVDV-specific antibodies or 10% horse serum (Sigma, St. Louis, Mo.) at 37°C in a humidified 5% CO 2 atmosphere. IFN-␣ and ribavirin were purchased from Sigma. The two iminosugar derivatives N7-oxadecyl-DNJ (N7-DNJ) and N7-oxanonyl-6-deoxy-DGJ (N7-DGJ) were provided by Synergy Pharmaceuticals Inc.
Treatment of MDBK cells persistently infected with ncp BVDV with IFN, RBV, and iminosugar derivatives. IFN-␣ was supplied at 10 6 U/ml. RBV and iminosugar derivatives were made up as stock solutions of 100 mM in water. All drugs were used diluted in medium to the final concentrations indicated in the text and figures. Drug treatment was started after the initial seeding of the cells (at 10 6 cells/35-mm dish) and renewed every 3 or 4 days depending on their confluency, when cells were passaged with fresh medium containing drugs.
Immunofluorescence analysis. Cells grown on coverslips were fixed with a chilled (Ϫ20°C) solution of acetone-methanol (50:50, vol/vol) for 20 min at room temperature. Coverslips were air-dried and then rehydrated in phosphate-buffered saline (PBS) before being blocked overnight at 4°C in PBS containing 3% bovine serum albumin (BSA; Sigma) and 1% fish gelatin (Sigma). Two monoclonal antibodies, WB103/105 and WB166 (Veterinary Laboratory Agency, Weybridge, U.K.), that recognize the NS2/NS3 and E2 proteins, respectively, were used as primary antibodies, at a dilution of 1:100, for detection of BVDV infection. After probing with an anti-mouse-fluorescein isothiocyanate (FITC)-conjugated secondary antibody and extensive washing in PBS, the coverslips were dried and mounted with Vectashield reagent (Vector Laboratories, Burlingame, Calif.) containing 0.33 g of 4Ј,6Ј-diaminido-2-phenylindole (DAPI) per ml. Stained cells were analyzed with an Axioskop 2 Plus Zeiss microscope.
Determination of inhibitory concentrations by plaque and yield assay. MDBK cells were grown in six-well plates to 90% confluency and infected with cp or ncp BVDV for 1 h at 37°C. After removal of the inoculum, cells were washed with PBS and incubated in RPMI 1640 medium containing 10% FCS and inhibitors at different concentrations. After 2 or 3 days, the medium containing secreted virus was removed from the wells and spun at low speed to remove cellular debris. Different dilutions were used to infect a fresh monolayer of MDBK cells in six-well plates. For the titration of cp-BVDV, the plaques were counted by eye under the microscope after 2 days. For the titration of ncp-BVDV, an agarose overlay was used, and plaques were counted by peroxidase immunostaining after hybridization with an anti-BVDV antibody and a secondary antibody conjugated with peroxidase, as described previously (39) . The 50% and 90% inhibitory concentrations (IC 50 and IC 90 ) were determined as the concentrations at which the number of plaques was halved or reduced by 90%, respectively, compared to untreated infected control cells.
Viral RNA purification and RT-PCR analysis. The supernatants of cultured cells were harvested, spun at 5,000 ϫ g for 5 min, and stored at Ϫ70°C before viral RNA (vRNA) purification. RNA from released viral particles was purified with the QIAamp Viral RNA purification kit (Qiagen, Crawley, U.K.) with 140 l of supernatant as starting material. vRNA was eluted in 40 l from the column; 5 l of viral template RNA and primers P1 (5Ј-AACAAACATGGTT GGTGCAACTGGT-3Ј) and P2 (5Ј-CTTACACAGACATATTTGCCTAGGTT CCA-3Ј), which amplify an 826-bp region overlapping E ms and E1 (41), were used in the Titan One Tube reverse transcription (RT)-PCR system (Roche). After an incubation of 30 min at 50°C for the reverse transcription step, a total of 45 cycles (10 cycles of 30 s at 94°C, 1 min at 55°C, and 1 min at 68°C and 35 cycles of 30 s at 94°C, 1 min at 55°C, and 65 s at 68°C) of PCR were performed. The PCR products were separated on 2% agarose gels stained with ethidium bromide.
RESULTS
Generation and characterization of an MDBK cell line persistently infected with ncp BVDV. Pestiviruses, including BVDV, can be divided into two biotypes depending on their effect on cultured cells. The cytopathic variant destroys infected cells, whereas the noncytopathic type replicates without visible damage to the host cell (26). Gong et al. (20) obtained stable cell lines from either bovine turbinate cells or lamb testis which contained a proportion of cells persistently infected with ncp BVDV. Typically between 30 and 50% of cells were infected, a level which neither increased nor decreased during successive passages.
In order to study the ability of different antiviral molecules to clear a chronic-type infection, we established an MDBK cell line persistently infected with ncp BVDV by culturing BVDVfree MDBK cells in medium containing BVDV-positive FCS. After a few passages, which allowed the virus to establish the infection, we checked for the presence of vRNA in the supernatant culture by RT-PCR with 45 cycles of amplification ( Fig.  1) . A cDNA product of the expected size was observed, indicating successful infection with ncp BVDV. To demonstrate that the infection was persistent, we monitored the level of vRNA for successive cell passages and found that it was almost constant in intensity over the 20 passages tested (Fig. 1A) . The viral titer was determined throughout the experiment and was found to be stable at around 10 4 PFU/ml. Next, we performed an analysis by immunofluorescence with a mixture of monoclonal antibodies directed against the E2 and NS2/3 proteins of BVDV to determine the proportion of cells infected (Fig. 1B) . As expected, staining was associated with perinuclear membranes and the endoplasmic reticulum (Fig. 1B , panels e and f). As determined by counting and comparing cells stained with DAPI and fluorescence (panel c versus panel d), between 40 and 60% of cells were found positive, with various staining intensities, whereas only background fluorescence was detected in controls (panels a and b). Again, the proportion of BVDV-positive cells remained stable during passaging of the cells. We used this MDBK cell line persistently infected with ncp BVDV in the subsequent study.
Antiviral effect of IFN-␣ and RBV, alone and in combination, on persistent ncp BVDV infection in MDBK cells. We first tested human IFN-␣, one of the two drugs used clinically to fight HCV infection (19, 28, 34, 37, 43) . Human IFN-␣ has been used previously against cp and ncp BVDV and was shown to be very active, with 10 3 U/ml being sufficient to suppress the replication of the virus (38) . We examined the antiviral effect of IFN-␣ against the cp BVDV NADL strain and the ncp BVDV Pe515 strain and found that the IC 50 was lower than 50 U/ml, confirming that this human cytokine was active against the bovine virus. The difference in potency observed compared to the published data (38) was most likely due to the method used for the evaluation of the inhibitory concentrations, which in our case is based on a yield assay (described in detail in Materials and Methods) rather than a conventional first-round plaque assay. This way of measuring inhibitory concentrations (after several rounds of replication) was proposed and used previously to evaluate the antiviral behavior of iminosugars (14) , which, rather than impacting the first round of viral rep-lication, interfere with the reinfection process by inducing the production of less infective viral particles.
We then tested RBV, which is also in clinical use (19, 28, 34, 37, 43) . RBV is a broad-spectrum antiviral agent with activity against many DNA and RNA viruses (40) . Against cp BVDV in bovine turbinate cells, RBV was shown to have an IC 50 of 44.6 M, with a corresponding CC 50 (concentration which is toxic for 50% of the cells) of 500 M (27). Using our method of evaluation, we found that RBV had an IC 50 and IC 90 of 8 and 15 M, respectively, when a multiplicity of infection (MOI) of 1 was used for the first round of infection. Under the same conditions, the CC 50 of RBV was determined to be approximately 50 to 75 M.
To study the impact of both drugs on persistent infection, we cultured the infected MDBK cell line in the presence of different concentrations of each drug, ranging from 100 to 10,000 U/ml for IFN-␣ and from 2 to 8 M for RBV. Cells were maintained in medium containing 10% BVDV-free FCS with or without drug and passaged every 3 days by a 1:6 dilution. The levels of vRNA present in the supernatant during successive passages were monitored by RT-PCR (Fig. 2) .
IFN-␣ treatment caused a dose-dependent decrease in vRNA levels, confirming its in vitro antiviral properties. This antiviral effect was rapid but incomplete, as vRNA levels were already reduced to their lowest level at passage 2 but remained more or less stable during subsequent passages. Surprisingly, even at the highest concentration of IFN-␣ used, which is beyond physiologically encountered levels, the vRNA signal determined by RT-PCR did not entirely disappear. This result shows that under the conditions used, IFN-␣ alone was unable to clear the infection from a persistently infected MDBK cell line.
Although the FCS in the medium used during these experiments was PCR screened and found to be BVDV negative, we wanted to confidently rule out that the weak RT-PCR signal observed even with the highest IFN-␣ doses was the result of viral contamination originating from the addition of fresh FCS during the passaging of the cells. The experiment was repeated with horse serum (HS) instead of FCS to complement the medium. The results obtained in this second set of experiments were similar to those obtained in the first; the antiviral response was proportional to the dose of IFN-␣ used, but the vRNA in the supernatants could not be completely eliminated (data not shown). In conclusion, although IFN-␣ is able to induce a dose-dependent reduction in vRNA levels released from persistently infected MDBK cells, it does not eliminate the infection. Moreover, it is worth noting that we did not observe any rebound of the RT-PCR signal during passages under IFN-␣ pressure, suggesting that no resistant virus was selected within the time frame of this experiment.
Similar to IFN-␣, ribavirin alone caused a dose-dependent and progressive decrease in the vRNA levels, suggesting an antiviral effect of this molecule in our model (Fig. 2B) . However, compared to IFN-␣, the effect of ribavirin was rather slow to appear at the concentrations tested. Under prolonged drug exposure, higher concentrations (e.g., 16 M) of RBV had a visible impact on the cell growth rate and could not be used in this long-term study. RBV was most effective at 8 M, but at passage 10 the RT-PCR signal was still observed, indicating that in this experimental setting RBV was unable to eliminate the RT-PCR signal from the cell line. However, we cannot completely exclude that the overall antiviral effect observed, as measured by the reduction of the RT-PCR signal, was partially due to toxicity caused by ribavirin.
Clinically, IFN-␣ and RBV are used in combination therapy, and a synergistic effect of the drugs has been observed. The mechanism of the synergistic effect of these drugs in vivo is not understood. The host immune system was thought to play an important role. However, a recent study has demonstrated that this synergistic effect could also be observed in a cell culture system (9), ruling out an exclusively immune system-mediated effect.
To confirm these data, we studied the impact of a combination of these drugs in the persistently infected MDBK cell line. Due to the complexity and time needed to perform even one experiment, only one drug combination, 100 U of IFN-␣ per ml and 2 M RBV, was tested, as these concentrations were shown to be suboptimal in monotherapeutic treatment (Fig. 2) . The combination of both drugs led to increased efficacy, with secreted vRNA disappearing after only two successive passages (Fig. 3) . Although this experiment was not designed to study in detail a potential synergistic effect of these drugs in vitro, the result strongly suggests that the effect of using the combination is more than additive. Antiviral effect of iminosugar derivatives. In a previous study, we reported the in vitro antiviral effect of N7-oxadecyl-DNJ (N7-DNJ) and N7-oxanonyl-DGJ (N7-DGJ), alkylated derivatives of deoxynojirimycin (DNJ) and deoxygalactonojirimycin (DGJ), respectively, against a cp strain of BVDV (16) . The antiviral features of these molecules are recapitulated in Table 1 . The IC 50 and IC 90 values varied depending on the MOI used to perform the yield assay. However, for the three different cp strains (NADL, Pe515, and CP7) tested at the same MOI, these values were similar, indicating that the efficacy of these drugs was not dependent upon the strain (data not shown). Also, both cp and ncp strains seemed equally susceptible to iminosugars, as determined by using the cpPe515 and ncpPe515 strains.
Together with data published previously, the following trend was observed. Although long-alkyl-chain DGJ derivatives like N7-DGJ achieve lower IC 50 s than long-alkyl-chain DNJ derivatives like N7-DNJ when a low MOI (0.01) is used, they fail to achieve an IC 90 at higher MOIs (0.1 and 1) (Fig. 4) . This plateau effect is not observed with long-alkyl-chain DNJ derivatives, and an IC 90 is obtained for these compounds. DGJ derivatives do not inhibit ER ␣-glucosidases. The mechanism of the antiviral action of long N-alkyl-chain iminosugar deriv- on February 23, 2013 by PENN STATE UNIV http://aac.asm.org/ atives was studied previously and involved an abnormal accumulation of E2-E2 dimers in the ER of infected cells and subsequently in secreted virus particles (16) . The E2 homodimer accumulation probably does not cause but rather reflects the underlying antiviral mechanism, which is currently being investigated, and we cannot explain the plateau effect for the time being. However, this effect was observed in short-term experiments involving cp and ncp strains of BVDV. We were interested in establishing whether an antiviral compound which does not eliminate vRNA in a few replication cycles can nevertheless control a persistent infection, given sufficient time. Therefore, the same experiment performed with IFN-␣ and RBV was repeated with N7-DNJ and N7-DGJ (Fig. 5 and 6 , respectively). When treated with N7-DNJ, the virus-derived RT-PCR signal decreased with increasing drug concentrations, and this decrease was enhanced in subsequent passages, indicating a sustained dose-response effect. After four to six passages, treatment with 500 M N7-DNJ led to the complete disappearance of vRNA from supernatants, a result that could not be achieved with either IFN-␣ or RBV. This result shows that, in this model, N7-DNJ has potent antiviral properties and that this class of ER ␣-glucosidase-inhibiting iminosugar derivatives is at least as potent as the molecules in clinical use, used here as a reference for antiviral potency.
Treatment with N7-DGJ, which does not inhibit ER ␣-glucosidases and works via an antiviral mechanism associated with its long alkyl side chain, could not match the result obtained with N7-DNJ over 10 passages, even when used at a concentration of 1 mM (data not shown). This result led us to extend the time frame of the experiment from 10 to 18 passages.
In a first set of experiment, infected cells were treated with four different concentrations of N7-DGJ ranging from 31 M to 250 M, and secreted vRNA levels were monitored during successive passages. Figure 6A shows that this treatment caused a decrease in vRNA levels. The decrease in vRNA levels secreted from ncp BVDV-infected cells was very similar at all dose ranges, around 50% at passage 14. This result correlated with the plateau effect observed in the short-term experiments with a cp strain. To confirm this result, we repeated the experiment with higher N7-DGJ concentrations (Fig. 6B) . In this second experiment, N7-DGJ was unable to clear the infection even at 1 mM. However, scan densitometry analysis of the results revealed that after 18 passages of treatment with 1 mM N7-DGJ, the reduction in vRNA levels was greater than 95% compared to the control. Although this reduction was not as convincing as that obtained with N7-DNJ, it Fig. 2A ) and better than that obtained with RBV alone (80% reduction; Fig. 2B ).
DISCUSSION
As no in vitro cell culture system that is able to support HCV infection is available (3, 4), we established and used an MDBK cell line persistently infected with ncp BVDV to compare the ability of antiviral molecules to combat a chronic infection over serial passages. Two FDA-approved anti-HCV drugs, RBV and INF-␣, as well as two classes of iminosugar derivatives, N7-NDJ and N7-DGJ, were evaluated in this model. Treatment with either RBV or IFN-␣ led to a decrease in secreted vRNA in the culture supernatants after serial passages of the cells. This reduction was dose dependent and increased with the length of treatment. However, neither RBV nor IFN-␣ was able to eliminate the infection from the MDBK cell line when used in monotherapy, despite the very high concentrations of IFN-␣ used.
Previous studies of cells infected in vitro with BVDV have shown that IFN-␣ is induced following infection with cp BVDV but not ncp BVDV (1) and that ncp BVDV inhibits endogenous induction of IFN-␣ by other viruses (31) . However, exogenous IFN-␣ inhibits replication of both cp and ncp BVDV in vitro (5, 38) . The results obtained in this study confirm the latter, but the fact that IFN-␣ alone was unable to clear the infection may be partially explained by the former.
Recently, the anti-HCV effect of IFN-␣ has been studied in Huh7 cell lines maintaining subgenomic HCV replicons (21) . Interestingly, although IFN-␣ was able to inhibit viral replication to a great extent, it was found that HCV replicons could persist in Huh7 cells despite the long and potent treatment. In that study, and similar to what we observed after 40 days of IFN-␣ treatment, no IFN-␣-resistant variants were selected during the course of the long-term (125 days) treatment.
Interestingly, we found that a combination of 2 M RBV and 100 U of IFN-␣ per ml successfully eliminated the RT-PCR signal from the infected cell line, suggesting a more than additive effect. However, further experiments with various combinations of drug concentrations are necessary to demonstrate whether the effect observed is due to synergy between these drugs, and our cell culture model could be useful to examine further some molecular aspects of a potentially synergistic effect at the cellular level.
The main purpose of our study was to evaluate in our model of chronic infection the antiviral effect of two classes of iminosugar derivatives and compare it to that of standards (IFN-␣ and RBV). The antiviral properties of glucose or galactose analogue-derived alkylated iminosugars have been reported previously, and their mechanism of action has been partially elucidated (16) . Treatment with DNJ derivatives (which inhibit ER ␣-glucosidases) reduces the secretion of RNA-containing virus particles, while no decrease in the level of secreted enveloped viral RNA occurs with DGJ-based derivatives (which do not inhibit ER ␣-glucosidases). Furthermore, long-alkylchain iminosugar derivatives have an additional antiviral effect unrelated to ER ␣-glucosidase inhibition. The two molecules used in this study, N7-oxadecyl-DNJ, and N7-oxanonyl-6-deoxy-DGJ, therefore have different patterns of activity against BVDV, as illustrated in Fig. 4 and summarized in Table 1 . Although DNJ-based compounds are more promising in terms of efficacy, because of their known and potential side effects (17) , a DGJ derivative would be preferable for the long-term treatment necessitated by a chronic disease like HCV-induced hepatitis.
Two main questions motivated this study. Are iminosugars, both DNJ and DGJ derivatives, able to control a persistent infection from a cell line? How do they compare to IFN-␣ and RBV in this context? We have shown that at nontoxic doses, the DNJ-based compound N7-DNJ eliminated the detectable virus-derived RT-PCR signal from the culture supernatants, indicating that it was a more potent antiviral than IFN-␣ or RBV in the BVBV/MDBK system used. Although it caused a reduction of the signal comparable to that obtained with IFN-␣ used at 10,000 U/ml, the DGJ derivative N7-DGJ did not eliminate the RT-PCR signal from the culture supernatant, indicating that this drug could be insufficient in antiviral monotherapy.
In the persistently infected surrogate BVDV/MDBK model, iminosugar derivatives are at least as efficient as if not better (in the case of N7-DNJ) than the two drugs used to clinically combat HCV. They are also much less toxic than IFN-␣ and RBV in vivo and, because of their unrelated antiviral mechanism, may be able to show efficacy against viral escape mutants likely to emerge during treatment with currently used drugs. Recently, an in vitro combination study with IFN-␣ and NB-DNJ against BVDV showed a synergistic effect (32) . Our findings support the further study and development of iminosugar derivatives as potential anti-HCV therapeutics most likely to perform best in combination therapy.
